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hSRY: molecular gender bender
The recently published solution structure of the DNA-binding domain of hSRY
in complex with a DNA octamer offers insight into the sex reversal effects
of mutations in hSRY and the interaction of all HMG boxes with DNA.
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Proteins that bind DNA are the subject of much current
biophysical research. A large and increasing number of
structures that show a diversity of topologies and DNA-
binding modes have been solved recently. The interest in
DNA-binding proteins stems largely from the central
position that DNA and DNA-protein interactions hold
in molecular biology. Rationalizing the function of such
interactions requires highly detailed structural models
such as can be obtained by X-ray crystallography or
NMR spectroscopy.
A new and most unusual protein-DNA interaction has
recently been described in Cell [1]. The structure of a
complex between the DNA-binding domain of hSRY,
the protein encoded by the human testis-determining
gene SRY (for sex-determining region Y) and a DNA
octamer, representing a specific target site on the Miiller-
ian inhibiting substance (MIS) promoter, has been deter-
mined from multidimensional heteronuclear NMR data
(Fig. la). (The product of the MIS gene is responsible for
the regression of certain female sexual organ precursors
in male embryos.)
The DNA-binding domain of hSRY is an example of a
high mobility group (HMG) box, a motif initially identi-
fied in the non-histone nuclear protein FIMG1. The
HMG box, comprising an approximately 80 amino acid
motif, has since been identified in over 100 proteins and is
found either as a single copy or, within larger proteins, as
multiple tandem boxes. Earlier results did mark the HMG
box out as a motif that would prove to have unusual and
interesting features. Firstly, footprinting and interference
methods have shown that many of the interactions
between the HMG box and DNA are in the minor
groove [2,3]. Secondly, a ligation-mediated circularization
assay has indirectly demonstrated considerable DNA
bending caused by HMG box binding [4]. Thirdly, an
apparent lack of sequence-specific DNA binding (in a
large number of cases) and the general property of bind-
ing to already bent DNA structures has been observed [5].
The HMG-box-containing proteins can be divided into
two classes by virtue of both their subtleties of sequence
and their mode of DNA binding. The first group, to
which the HMG box of hSRY (hSRY-HMG) belongs,
also includes the proteins Sox (for SRY-related HMG-box)
and T-cell factor. These proteins contain a single HMG
box and, significantly, display sequence-specific DNA
binding. In cases where it has been measured, binding of
proteins from this class leads to the induction of very large
bends within the DNA. The other group of HMG-
box-containing proteins includes the proteins HMG1 and
Upstream Binding Factor (UBF). These proteins generally
contain two or more tandem HMG boxes. In contrast to
the first group, these proteins do not appear to show
sequence-specific DNA binding or to induce a bend in
DNA. They do seem to show an affinity for a DNA struc-
ture already containing a sharp bend, however, such as
four-way junctions [5] and cis-platinum adducts [6].
HMG-box-containing proteins are found to have a range
of functions, from DNA repair and recombination, to
transcriptional activation, to a general role in DNA pack-
aging. The bending of DNA, or the recognition of bent
DNA, does, however, seem to be a central theme to all
of these functions.
As an abundant and interesting DNA-binding motif, the
HMG box has obviously attracted the attention of a
number of groups working in the field of protein struc-
ture determination. Prior to the hSRY-HMG structure
being solved [1], three HMG box structures, from non-
sequence-specific HMG1/UBF class proteins have been
determined, also by NMR spectroscopy [7-9]. In two
of the cases the structures were from identical HMG1
sequences, differing only slightly in length. The third
structure was that of the single HMG box from Droso-
phila, HMG-D, which is homologous to, but with signif-
icant differences in sequence from, the HMG1 boxes.
Nonetheless, the topology of all three structures is vir-
tually identical (Fig. lb-d), and the internal architecture
is also highly conserved, even at positions where the
sequences diverge. The protein secondary structure con-
sists of a short length of essentially extended strand at the
N terminus, followed by three oa-helices, which are
joined by short turns. The overall tertiary structure is
L-shaped, with the N-terminal strand and the C-termi-
nal helix (helix 3) forming the down stroke and two cen-
tral helices (helices 1 and 2) forming the horizontal
stroke. The angle at the centre of the structure is formed
by a loop joining helices 2 and 3, with the inside of the
angle being a hydrophobic core consisting of residues
donated by all four secondary structural elements.
The previously determined HMG box structures have
allowed a good deal of speculation and prediction con-
cerning the nature of the interaction between the HMG
box protein and DNA. An intriguing experimental
observation, using NMR, was reported by King and
Weiss [10]; Ile13, a residue in hSRY-HMG situated at the
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Fig. 1. (a) View of the hSRY-HMG box
bound into the widened minor groove
of its target DNA, with the molecular
surface of the DNA shown as a solid
model and the protein backbone shown
as a green tube. (Reproduced from [1],
with permission.) () Backbone tube
representation of HMG-D (structure
showing lowest root mean square devia-
tion from mean) [9]. (c) Backbone tube
representation of hamster HMG1 box 2
(minimum average structure) [8]. (d)
Backbone tube representation of rat
HMG1 box two (minimum average
structure) [7].
beginning of helix 1, was shown to be intercalated
between two A:T base pairs located in the specific recog-
nition site. This isoleucine is directly implicated in cases
of human sex reversal and has also been shown to play an
essential role in sequence-specific DNA binding, but is
not required for non-sequence-specific binding to DNA
four-way junctions [11]. These facts led to the proposal
that the bending of the DNA, which occurs on sequence-
specific binding by an HMG box, is dependent upon the
intercalation of this isoleucine. When DNA is already
bent, as in the case of four-way junctions, the isoleucine
is not specifically required.
The structure of the hSRY-HMG/DNA complex
(Fig. la) shows the N-terminal strand, situated on the
concave inner surface of the protein, buried in and along
the minor groove. Helix 3, which interacts with the
strand region, lies above and to one side of the minor
groove allowing its interaction with the phosphate back-
bone. The minor groove has opened up to allow access
of the strand region to the minor groove and this is
accompanied by an unwinding of the double helix, with
the base pairs showing positive roll angles. The central
region of hSRY-HMG sequence, consisting of helices 1
and 2, puts the DNA in a claw-like grip by inserting the
loop between helix 1 and 2, and the beginning of helix
2, into the widened minor groove. At the other end of
the protein the C and N termini form a small region,
structured about Val5, that shows extensive interactions
with the DNA in the minor groove. In agreement with
the previous prediction, the structure of the hSRY-
HMG/DNA complex shows Ile13 to be partially inter-
calated between two adenine bases. On binding to the
DNA, there is a 16% decrease in the surface area of
hSRY-HMG, a mixture of electrostatic and hydrophobic
interactions contributing to the protein-DNA interaction
on the concave surface of hSRY-HMG.
Perhaps the most surprising aspect of the hSRY-HMG/
DNA complex is the great similarity of the DNA con-
formation to that observed in the complex of the TATA-
box-binding protein (TBP) with TATA-box DNA
[12,13]. In these crystal structures, the approximately 180
amino acid domain from TBP inserts, into the DNA
minor groove, a concave surface formed exclusively from
antiparallel 3-sheet. The opening of the minor groove,
the large roll angles and the A-DNA-like sugar puckers
are all very similar in both the hSRY- and TBP-DNA
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complexes. Outside the TATA box limits and away from
the direct protein contacts, the crystal structures show an
abrupt recovery of B-form conformation. Unfortunately,
in the hSRY-DNA complex, the DNA is not long
enough to show a return to an unperturbed conforma-
tion and, consequently, leaves unanswered the questions
concerning the overall bend and degree of unwinding of
the DNA in the complex.
The similarity of the HMG boxes in HMG1 and
HMG-D, in both overall topology and detailed side-chain
packing, led to the expectation of a very high degree of
structural conservation throughout all HMG boxes.
hSRY-HMG bound to DNA, although having the same
gross topology as the previously solved HMG-box struc-
tures, appears to have a more obtuse angle between the
two structural elements, strand 1/helix 3 and helix 1/
helix 2. Certain key residues in the central core of
hSRY-HMG also seem to adopt markedly different con-
formations, including the conserved central residues Trp43
and Lys51. In the previously determined structures, these
residues are shown to be closely associated and this has
been interpreted as being key to the stability of the box
structure. In the hSRY-HMG structure, however, the two
residues are separated. The conservation of small residues
at positions 36 and 40 on helix 2 (serine or alanine and
glycine, respectively) has previously been explained by the
close packing of a phenylalanine or tyrosine residue on
helix 1, at position 12. In the hSRY-HMG/DNA com-
plex, the indent in the surface of helix 2, caused by the
conserved small residues, stabilizes the protein-DNA
interaction by allowing close packing to the DNA
sugar-phosphate backbone and thus displacing Phel2.
In the hSRY-HMG/DNA complex, the DNA obviously
displays a large degree of 'induced fit'. Utitil the free
solution structure of the hSRY-HMG box is published,
however, there has to remain some uncertainty as to the
extent of any structural changes induced in the hSRY
protein upon binding to DNA.
A number of measurements of the magnitude of the
DNA bend in HMG-box/DNA complexes have been
made [14-18]. It is apparent from these data that the
DNA sequence, the exact length and the amino acid
sequence of the HMG box used, all exert a profound
effect upon the nature of the bend. The hSRY-HMG/
DNA structure confirms and details the involvement of
Ile13 in the induction of DNA bending. The hSRY-
HMG box appears to mould the DNA to its concave sur-
face and, as such, the precise shape and angle of the
protein surface is expected to play an important role in
defining the exact bend and the helical phase of the DNA.
Attempts have been made, based upon the structure of
the HMG1 and HMG-D structures, to rationalize the
consequences of the SRY mutations that cause 46X,Y
sex reversal. The structure of the hSRY-HMG/DNA
complex now permits a more in-depth analysis of the
consequences of these mutations, not just in terms of the
effect on protein structure and stability but also the effect
on the detailed protein-DNA interaction.
Even in the light of the hSRY-DNA structure, an expla-
nation for the observation that the DNA four-way junc-
tion is a universal binding site for HMG box proteins
remains elusive. Models of the stacked four-way junction,
although having regions of widened minor groove, do
not contain sites that are obviously structurally analogous
to the DNA in the hSRY-HMG/DNA complex [19]. It
is possible that the four-way junction model is in-
adequate in this respect or, alternatively, that the binding
site is derived from the unstacked form of the junction.
As is the case with many new macromolecular structures,
many questions are immediately answered but more
questions are posed.
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